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Abstract
The mitochondrial genome is a fundamental component of the eukaryotic domain of life, encoding for several important
subunits of the respiratory chain, the main energy production system in cells. The processes by means of which mitochondrial
DNA (mtDNA) replicates, expresses itself and evolves have been explored over the years, although various aspects are still
debated. In this review, we present several key points in modern research on the role of evolutionary forces in affecting
mitochondrial genomes in Metazoa. In particular, we assemble the main data on their evolution, describing the contributions
of mutational pressure, purifying, and adaptive selection, and how they are related. We also provide data on the evolutionary
fate of the mitochondrial synonymous variation, related to the nonsynonymous variation, in comparison with the pattern
detected in the nucleus.
Elevated mutational pressure characterizes the evolution of the mitochondrial synonymous variation, whereas purging
selection, physiologically due to phenomena such as cell atresia and intracellular mtDNA selection, guarantees coding
sequence functionality. This enables mitochondrial adaptive mutations to emerge and ﬁx in the population, promoting
mitonuclear coevolution.
Key words: mitochondria, genetic bottleneck, mutational pressure, selection, nuclear–mitochondrial coevolution,
synonymous codon usage.
Introduction
An unexpected property of living matter was discovered
about 50 years ago: Eukaryotic cells are characterized by
genomicchimerism because, in additiontothe mainnuclear
genome, they possess additional genomes in the cytoplasm
(Ephrussi and Slonimski 1955; Chevremont 1960; Nass MM
and Nass S 1962). The cytoplasm of all respiring cells
contains organelles, called mitochondria, which are equip-
ped with a speciﬁc genome (mtDNA, mitochondrial DNA)
and a complete system for its replication and expression
(for details, see box 1).
This paper forms part of a Special Collection on Chance and Necessity in Evolution
from a meeting in Ravello, Italy, October 2010
Box 1. Functional Role of Mitochondrial Genomes
The most important biochemical process located in mi-
tochondria is OXPHOS, the process by means of which
aerobic eukaryotic cells synthesize ATP with molecularox-
ygen as electron terminal acceptor. Mitochondrial ge-
nomes encode for the three distinct gene classes
involved in this process: ribosomal, transfer, and pro-
tein-coding genes. Genes for small and large rRNA (12
S and 16 S in Mammals, for example) are found univer-
sally;indeed,genesfortRNAvarygreatlyintermsofnum-
bers, although a set of 22–27 tRNAs is common in many
eukaryotic groups. Protein-coding genes are subdivided
into two pools: ‘‘ribosomal protein’’ and ‘‘bioenergetic.’’
The former are involved in ribosomal subunit synthesis
and mainly occur in protist and plant mitochondrial ge-
nomes (Adams and Palmer 2003). The latter are universal
and encode for the protein subunits of the RC, the multi-
enzymatic system which creates the proton gradient nec-
essary for ATP synthesis (or heat generation). Although
the bioenergetic gene repertoire varies among the several
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GBEMore or less at the same time, the same situation was
discovered in the plastids, which contain a speciﬁc plastidial
genetic system (Chiba 1951). Milestones in research on
mtDNA are shown in table 1.
The presence of extracytoplasmic genomes in cells rai-
ses important questions which are still elusive. Where do
they come from? What are the relationships among ge-
nomes?
It was in this scenario that the endosymbiotic theory—
that modern eukaryotes arose from an endosymbiotic
event—was later put forward (Margulis 1970). This theory
postulates that an alpha-proteobacterium gave rise to the
mitochondrion, once it was engulfed in a heterotrophichost
cell, probably an archaebacterium. Various models regard-
ing the precise nature of the endosymbiotic process from
the archaebacterium to the eukaryotes are still being
debated (Gray et al. 1999; Embley and Martin 2006; Poole
and Penny 2006). The main point of discussion is whether
the endosymbiotic event directly promoted the develop-
ment of eukaryotes in a single step or whether it is simply
one of the evolutionary steps toward modern eukaryotes.
Indeed, in the case of the chloroplast, a cyanobacterium,
engulfed by an ancestor of plants and algae, became a new
photosynthetic organelle.
The solution adopted by eukaryotes to preserve cytoplas-
mic genomes apparently has no economic value because
manygenes are necessarytoreplicate,transcribe, andtrans-
late the few genes still present today in cytoplasmic DNAs,
Table 1
Important Steps in Study of Mitochondrial Genome
Year Event
1949 Slonimski and Ephrussi isolated yeast mutants which were defective for cell respiration and hypothesized presence of some non-Mendelian genetic
characters (Ephrussi 1949).
1960 Chevremont demonstrated that mitochondria incorporated tritiated thymidine, a marker nucleoside: nucleic acid metabolism in mitochondria
(Chevremont 1960).
1962 Nass and Nass demonstrated by morphological studies that mitochondria contained DNA (Nass MM and Nass S 1962).
1965 Saccone et al. showed that isolated mitochondria were able to synthesize RNA (Saccone et al. 1965).
1965 Kroon demonstrated that intact mitochondria or fragments could incorporate amino acids, signaling presence of a protein translation system in
organelle (Kroon 1965).
1967 Clayton DA and Vinograd J isolated circular dimer and concatenate forms of mtDNA in human cancer cell lines (Clayton and Vinograd 1967).
1974 Bogenhagen and Clayton revealed multicopy state of mtDNA in human and mouse cells (Bogenhagen and Clayton 1974).
1974 Berk AJ and Clayton DA clariﬁed several features of mtDNA replication in mouse cells, including its asymmetry in time and space
(Berk and Clayton 1974).
1975 First complete mitochondrial genomes cloned by Chang et al. (1975).
1981 First complete genome, belonging to human, was sequenced by Anderson et al. Bibb and Clayton sequenced mouse mtDNA
(Anderson et al. 1981; Bibb et al. 1981).
NOTE.—Table summarizes the main scientiﬁc contributions that have clariﬁed some structural and metabolic features of mitochondrial genomes, until ﬁrst sequencing experiments
(1980s).
eukaryote domains (plants, fungi, protists, animals), two
important ideas emerge from the accumulating sequence
data. All respiring organisms always have a minimal set of
bioenergetic genes (CYTB and CO1 are the most highly
conserved), but, in all of them, the mitochondrial bioener-
getic gene pool is never sufﬁcient to encode for all the RC
subunits (Adams and Palmer 2003).
In Metazoa, mitochondrial gene content is quite sta-
ble:Thereare37canonicalmitochondrialgenesencoding
for two ribosomal RNAs, 22 for tRNAs, and 13 for the RC
subunits. Complex I contains 7 of the 13 mitochondrially
encoded proteins (Nd1, Nd2, Nd3, Nd4, Nd4l, Nd5, Nd6):
Nd2, Nd4, and Nd5 seem to work as electron transport-
ers, whereas Nd1 and Nd2 play an important structural
role between the membrane-embedded and peripheral
arms of the complex (da Fonseca et al. 2008). Complex
II consists entirely of nuclear-encoded proteins; Cytb, having
essentially catalytic activity (cytochrome c reduction), is the
only mtDNA-derived subunit of Complex III. In the CO com-
plex(ComplexIV),Co1proteincatalyzeselectrontransferto
t h eu l t i m a t ea c c e p t o r ,m o l e c ular oxygen; Co2 and Co3 also
belongtothecatalyticcoreofthecomplex,inwhichnuclear
subunits are mainly located externally. Regarding ATP syn-
thase (Complex V), ATP6 is a key component of the proton
channel (FO component) and ATP8 seems to be a regulator
of complex assembly (da Fonseca et al. 2008).
The nucleus regulates the production of all other RC pro-
teins: about 39 for Complex I, 4 for Complex II, 10 for Com-
plex III, 10 for Complex IV, and 15 for Complex V (Scarpulla
2008).
However, the contribution of the nucleus to mitochon-
drial functionality is not limited to the 80-odd proteins (in
mammals) directly involved in OXPHOS. It has been esti-
mated that more than 1,500 genes regulate the varying
aspects of mitochondrial activity (Wallace 2005), such as
DNA replication and repair, gene expression and its mod-
ulation, complex assembly, etc.
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eukaryotic cells (Reinecke et al. 2009).
Restricting our discussion to mtDNA, we may ask our-
selves: Why a mitochondrial genome? The persistence of
an auxiliary genome in the eukaryotic cell has been dis-
cussed at length: Although the progenitor genome under-
went ‘‘reductive’’ evolution (mainly in metazoans), the
mitochondrial genome still survives and works in almost
all eukaryotes. Several hypotheses as to why organelles
retain their genomes have been put forward. Differences
in genetic code (e.g., nuclear DNA [nDNA] vs. mtDNA code
in Metazoa) represent a strong barrier against complete
absorption of mtDNA into the nucleus (de Grey 2005).
The hydrophobicity hypothesis (Von Heijne 1986) empha-
sizes the concept that mitochondrially encoded respiratory
chain(RC) subunitsare toohydrophobic tobesynthesizedin
the cytoplasm, requiring organellar DNA in loco for their
expression. According to the ‘‘colocation for redox regula-
tion’’ (CORR) hypothesis (Allen 2003), auxiliary genomes still
persist because organellar gene expression must be under
direct redox control.
Lane and Martin (2010) pointed out that it was the efﬁ-
cient redistribution of genetic information in eukaryotes (a
few bioenergetically specialized genes in the organelles,
with most of the information located in the nucleus) made
an increase in genome size and complexity possible. Basi-
cally, the endosymbiotic event was very advantageous
and essential for creating a complex but efﬁcient system
of energy production (within organelles), enabling eukary-
ote genomes to increase their total protein production and
complexity, something which was impossible in prokaryotes
(Lane and Martin 2010).
In our opinion, all these questions are connected with the
role and evolution of the mitochondrial genome in the
eukaryotic cell. In order to shed light on this problem, we
need to identify the major driving force acting in cellular
mtDNA. We focus attention here on the role of drift, puri-
fying, and positive selection on the evolution of mtDNA in
Metazoa, a topic regarding which available data are some-
times inconsistent and highly debated.
Purifying Selection in the
Mitochondrial Genome
Exactly how the mitochondrial genome evolved has been
extensively debated: Some details about how it is inherited
and how it changes are shown in box 2.
Box 2. Inheritance Patterns of Mitochondrial Genomes
Mitochondrial genomes are uniparentally transmitted
and, in most cases, female individuals give their mito-
chondria to zygotes; there are mechanisms which (almost
entirely) prevent leakage of paternal cytoplasm in fertil-
ization. In plants and fungi, biparental inheritance has
been detected in certain taxa. In Metazoa, mtDNA is ma-
ternally inherited: however, in some species belonging to
Bivalvia, the paternal mitochondrial genome is transmit-
ted in gonadal tissues and the maternal one is located in
the somatic lines (‘‘double uniparental inheritance’’). In
other groups, paternal leakage is an occasional event
(Barr et al. 2005). The main evolutionary consequence
of this mode of inheritance is that mitochondrial genetic
informationishaploid:thismeansthat,foreverytwocop-
ies (one paternal and one maternal) of any nuclear gene,
only one copy (from the maternal line) of any mitochon-
drial gene exists. Another important aspect of mtDNA
transmission is the absence of recombination (in Meta-
zoa) at signiﬁcant levels, although Piganeau et al.
(2004) revealed the moderate occurrence of recombina-
tion in sexual and, although less so, also in asexual animal
species. The extent of this phenomenon is still unclear.
Another important property of mitochondrial ge-
nomes in Metazoa is the elevated mutational pressure
which affects them. For 30 years (Brown et al. 1979),
a rapid accumulation of mutations in mtDNA has been
shown. High mutational rates in mtDNA have been as-
sociated with an inaccurate DNA repair system (Bogen-
hagen 1999), the absence of histone-like protein, and
the peculiar mitochondrial replication model, character-
ized by single-strand intermediates, which was found to
be a convincing explanation for strand mutational bias
(Reyes et al. 1998). In addition, now nearly 40 years
ago, Harman (1972) was one of the ﬁrst to propose that
themitochondrialRCwasamajorsiteofROSproduction
in the cell, and that mitochondrial structures (also DNA
molecules) were primary targets for oxidative damage.
However, the search for an aging-dependent accumula-
tionof point mutations inmtDNA hasgivenoften discor-
dant results. This is probably due to the experimental
methods adopted, which can differentially detect low
frequency point mutations. In addition, cells which ac-
cumulate mutations are prone to apoptosis: Thus, mu-
tation accumulation during the life of an organism
may be underestimated.
In the case of mutator mice (Trifunovic et al. 2005), no
evidence of increased ROS levels was detected in trans-
genic mice carrying a defective and error-prone PolG, al-
though the mice had a premature aging phenotype.
Again, experimental techniques can inﬂuence the detec-
tion of ROS species (and ROS levels) in a certain cellular
context. Some other factors, such as the effect of antiox-
idants, are debated in the literature, but go beyond the
scope of this paper.
In view of its reduced population size, absence of sub-
stantial recombination, and elevated mutational rate, the
fate of mtDNA seems to follow Muller’s Ratchet
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mitochondrialgenefunctions,hasbeenclariﬁedinmanypa-
pers based on in silico analysis, and also by in vivo experi-
ments. Rand and Kann (Rand and Kann 1996; Kann and
Rand 1998) used the neutrality index (NI; Rand and Kann
1996) to determine the inﬂuence of selection on protein-
coding genes in fruit ﬂy and some mammalian species
(Mus musculus, Homo sapiens). Data analysis yielded an
NI higher than 1, indicating the effect of purifying selection
in removing disadvantageous mutations (most amino acid
changes are deleterious).
However, the strength of this selection depends on the
Ne parameter, that is, true population size, which varies ac-
cording to species ecology. For instance, Popadin et al.
(2007) found an excess of amino acid substitutions in
large-bodied mammals as opposed to smaller ones. Body
mass was considered a good approximation of Ne: Thus,
species with small populations (e.g., elephants, humans)
tend to ﬁx more amino acid changes in mitochondrial genes
than rodents (large Ne). This problem becomes more obvi-
ous in species which have both sexual and asexual popula-
tions, as in the crustacean Daphnia pulex, in which the
populations adopting asexual reproduction are smaller
and more prone to accumulating amino acid changes,
whereas sexually reproducing populations are larger and se-
lection is more efﬁcient (reduced accumulation) (Paland and
Lynch 2006).
The great efﬁciency of purifying selection has been docu-
mented in vivo by sequence analysis of ‘‘mutator’’ mice
(Stewart et al. 2008). Although the error-prone version of
their gamma polymerase (PolG) produces high mutational
pressure, strong purifying selection removes nonsynony-
mous deleterious mutations during mtDNA transmission
from mother to offspring in the course of only a few gen-
erations. The above study reveals how purifying selection
contrasts ‘‘accelerated’’ mutational meltdown, preventing
the consequences of Muller’s Ratchet in mammalian
mtDNA. It should be noted that the very strong, very fast
purifying selection observed in this experiment was not only
the result of selection acting across individuals but also
across a lower level of organization (cellular). In fact, neither
mortality nor the differential in fertility allowed by the exper-
iment could explain such extensive purging of accumulated
mutations,althougha differentline ofresearchsuggests the
action of selection across the oocytes of an individual and
even across mtDNA copies of single zygotes.
It has been shown in Metazoa that, during germ line de-
velopment, there is a dramatic reduction in the number of
mtDNA copies for each germ cell. Estimates of mtDNA copy
number variations during oogenesis and embryogenesis
were recently reported by White et al. (2008). During em-
bryogenesis,mtDNAcopiesfrommatureoocytesareequally
distributed within blastocyst cells; later, a certain proportion
of the total amount of mtDNA (some thousands of copies
per cell) is destined to the inner cell mass, which will con-
stitute embryos and the remaining mtDNA pool is shared
among extraembryonic tissue cells.
However, the above recent analysis indicates that primor-
dial germ cells within the embryo contain only a few dozen
mtDNA molecules, signaling a dramatic reduction in the
mtDNA population. mtDNA replication starts again during
oogenesis, with the development of primary oocytes: In
terms of copy number, mtDNA expansion continues until
oocyte maturation. Mature mouse oocytes have been esti-
mated to contain up to 200,000 mtDNA molecules (White
et al. 2008).
There are several hypotheses about what the mitochon-
drial genetic bottleneck is exactly and what evolutionary
force causes it. In mouse, the process was found to be ran-
dom, in which many mtDNA molecules are discarded and
only a few are transmitted to primordial germ cells (Jenuth
et al. 1996).
The scientiﬁc community is increasingly interested in the
possibleselectivenatureofthegeneticbottleneck.Krakauer
and Mira (1999) considered cellular atresia as a possible re-
sponse to Muller’s Ratchet, particularly in birds and mam-
mals. In their view, only a very small number of all
primordial follicles (and the primary oocytes inside them)
reach maturation during the ﬁrst stages of fetal life; the
others undergo apoptosis. In this way, germ cells carrying
‘‘less functional’’ mitochondrial genomes are removed. In
particular, species which produce small numbers of off-
spring tend to undergo a more severe bottleneck event,
in order to guarantee the survival and viability of the
(few) members of the future generation. Zhou et al.
(2010) believe that selective bottleneck occurs in the mat-
uration of oocytes. They hypothesize a role played by the
mitochondrial cloud (MC), a particular cytoplasmic region
which contains RNA, organelles, and proteins and is later
speciﬁcally transferred to the primordial germ cells of the
future embryo. The above authors present some biochem-
ical assays (based on estimates of the mitochondrial inner
membrane potential of mature zebra ﬁsh oocytes), showing
how the MC possesses the most efﬁcient mitochondria.
Although these mechanisms have been described in sev-
eral organisms—for example, MC structures have been ob-
served in Danio rerio, Xenopus laevis, M. musculus, and
Drosophila melanogaster—precise clariﬁcations are still
consequences (Muller 1964; Felsenstein 1974), which hy-
pothesizes that small populations (just like mtDNA) grad-
ually tend to accumulate slightly deleterious mutations in
the absence of a mechanism, like recombination, which
could preserve the ‘‘wild-type’’ condition. This inexorable
process wouldleadsuch populationstohigherandhigher
mutational levels to the point of complete loss of func-
tionality and subsequent extinction of the genome.
Castellana et al. GBE
1070 Genome Biol. Evol. 3:1067–1079. doi:10.1093/gbe/evr040 Advance Access publication May 6, 2011needed. Indeed, selection operating on intraindividual
mtDNA (at the level of oogenesis or fulliculogenesis) needs
to be supported by more precise physiological tests, which
should consider a wider range of biochemical parameters
(such as membrane potential variations). This would be very
important for better understanding of the transmission of
mitochondrial diseases in the light of improved artiﬁcial re-
productive techniques (Poulton et al. 2010).
These putative internal selection mechanisms do exist
(Stewart et al. 2008) but are far from being faultless, as hu-
man mitochondrial diseases clearly demonstrate. These are
caused partly by mitonuclear interactions which may mask
the effect of deleterious mutations (for a deeper discussion,
see below Positive Selection of Mitochondrial Genomes).
Conversely, the ‘‘internal quality control’’ of mtDNA takes
place in speciﬁc physiological conditions (maturation of oo-
cytes) and does not act in all possible situations of energy
requirements of the organism (embryo, fetus, adult, re-
stricted diet, cold environment, etc.). Energy demands do
differ and are contradictory, imposing speciﬁc ‘‘trade-offs’’
for each functional state of the OXPHOS (oxidative phos-
phorylation) machinery (Das 2006).
Positive Selection of Mitochondrial
Genomes
Evidence of positive selection has been reported by Bazin
et al. (2006) in NI estimates of insect and vertebrate mito-
chondrial genes. Positive selection appears to be rampant in
insects (species with large Ne), which have NI indexes well
below 1, and mitochondrial genetic diversity was found to
be independent of Ne. The results of Bazin et al. gave rise to
extensive debate: Some authors criticized the manipulation
and interpretation of the data (e.g., Meikeljohn et al. 2007);
others are still convinced of the usefulness of the mtDNA for
demography and conservation studies, even with draft
(Mulligan et al. 2006; Berry 2006).
da Fonseca et al. (2008) explored the possibility of adap-
tive evolution in 12 of 13 mitochondrial RC subunits in 40
mammalian species. By detecting radical amino acid
changes (i.e., changes between two amino acids with dif-
fering chemical and physical properties) and their func-
tional role in predicted 3D structures, the above authors
proposed a correlation between the physiological conse-
quences of those changes and some life cycle traits in
the species examined.
Further studies have shed light on the possible role of
mtDNA in adapting to new environments. Ballard et al.
(2007) demonstrated the role of amino acid polymorphisms
in the three cytochrome oxidase (CO) mitochondrial subu-
nits between sympatric populations of Drosophila simulans,
a pan-African species. Fly populations with a particular
mtDNA haplotype were found to be more tolerant to cold
and could even colonize temperate regions, whereas others
lived prevalently in loco. Nuclear CO genes did not show any
trace of such a population division. Adaptation of human
mtDNA to changes in climatic conditions has been shown
by Balloux et al. (2009). Two nonsynonymous substitutions
in genes ATP6 and ND3 turned out to be signiﬁcantly asso-
ciated with indigenous populations living in cold regions.
The ancestral alleles were found to be located in Africa
and in warm regions very recently colonized by humans,
although no neutral population markers from nDNA were
signiﬁcantly associated with decreasing temperature. In
a large-scale human mtDNA sequence analysis, Ruiz-Pesini
et al. (2004) showed that some human haplotypes are good
candidates for adaptation to colder environments (less efﬁ-
cient cell respiration, more heat production, more tolerance
tostarvation)withrespecttothosemorefrequentlyfoundin
warmer regions. Again, these interesting hypotheses must
be conﬁrmed by physiological tests.
Coevolution studies on nuclear and mtDNA provide fur-
ther information on this topic. As shown in box 1, the mam-
malian nuclear genome encodes for about 80 subunits of
the RC complexes: They interact with each other and with
mitochondrial subunits, enabling correct assembly of the
RC. Thus, different mitochondrial phenotypes derive from
different cytogenotypes, that is, varying allele combinations
between diploid nuclear OXPHOS and haploid mitochon-
drial genes.
Coevolution between nDNA and mtDNA may occur by
means of a two-step procedure: According to this hypoth-
esis, the faster evolutionary genome (mtDNA) drives the
sloweronetoﬁxmutationsin sucha waythatmitochondrial
functions are guaranteed. Even in the case of negatively
selected mitochondrial mutations, other mutations may
occur in interacting sites located in the same protein or in
another interacting one (both mitochondrial and nuclear
encoded). These secondary mutations are ‘‘compensatory’’
in a way that restores the functionality of the mutated pro-
tein domain, thus facilitating its normal activity. Coevolution
also implies interplay between the evolutionary dynamics of
interacting genes: In the case of OXPHOS, this coevolution
involves cooperation between entire genomes (Rand et al.
2004).
An interesting view of coevolving sites in RC subunits is
provided by Schmidt et al. (2001) and Azevedo et al. (2009).
The former authors studied the evolution of interacting
amino acid residues among CO nuclear and mitochondrial
subunits in several mammalian species. They generated
a model in which mitochondrial interacting surfaces were
fast evolving with respect to non-interacting parts, with
the aim of exploring new possibilities of optimizing interac-
tions; the nuclear counterparts are slow evolving (with re-
spect to the rest of the protein) in order to ‘‘respond’’ to
mitochondrial novelties. The latter authors, after detecting
various mutant and compensatory sites in mammalian mi-
tochondrial OXPHOS subunits by in-depth structural
Evolutionary Patterns of the Mitochondrial Genome in Metazoa GBE
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mtDNA: The quasi-simultaneous occurrence of deleterious
amino acid changes and compensatory mutations or the oc-
currence of a deleterious mutation in a genetic environment
characterized by a preexisting compensatory background.
This may be the case of a homoplasmic mitochondrial trans-
fer RNA (tRNA)
Val gene mutation which has caused severe
pathologic phenotypes in several human individuals but not
in their mothers, who probably possess a compensatory nu-
clear genetic background (McFarland et al. 2002).
A promising line of research on nuclear DNA–
mtDNA coevolution comes from biochemical tests on hy-
brid organisms, characterized by diverging nuclear–
mitochondrial genetic backgrounds. In marine copepods
(Tigriopus californicus), coevolution seems to be very
intense: Functional assays of hybrids derived from several
geographically separated populations show that cell respi-
rationis considerably altered(Rawson andBurton 2002). In
addition, copepod populations may evolve in order to
optimize mitonuclear genetic interactions and, when back
crossed, the new cytonuclear genotypes are incapable of
guaranteeing efﬁcient OXPHOS. Kenyon and Moraes
(1997)andBarrientosetal.(1998)carriedoutphysiological
testsonxenomitochondrialcybrids(i.e.,celllineswithahu-
man nuclear background and extraspeciﬁc mitochondria)
and conﬁrmed the importance of coevolution, revealing
the increase in evolutionary divergence among primate
species. Human–primate cybrids can perform respiration,
although mitochondrial functionality is partially compro-
mised: Analyzing the functional consequences on each
‘‘hybrid’’ complex, the above authors found that Complex
I activity is defective, whereas other hybrid RC complexes
appear to have normal activity. In mouse cell lines, a near-
linear relationship between mitochondrial dysfunction and
divergence among various murid species (M. musculus,
Mus spretus, etc.) is observed in cybrids: This dysfunction is
not observed in Complex II activity, which is entirely encoded
by the nucleus (McKenzie et al. 2003). However, the Droso-
philids remain the favorite phylogenetic group in which to
study gene and genome interactions because programmed
crossings and ﬁtness assays are possible relatively quickly
and cheaply. For example, Sackton et al. (2003) showed
the disruption effect on CO activity when lines of D. simulans
and Drosophila mauritiana were crossedtogether; the causes
of incompatibilities were attributed to nuclear loci.
Generalideascanbeextrapolatedfromtheliteraturepre-
sented. Selection operates on a single unit, given by the
interaction of all the nuclear and mitochondrial encoded
OXPHOS subunits. Each subunit may tolerate mutations dif-
ferentially because of the mutation position, protein func-
tion, and presence of compensatory mutations in other
sites.mtDNAgeneevolutionaryrates,beinglineagespeciﬁc,
may drive OXPHOS nuclear genes to coevolve closely in
some lineages (as in copepod populational hybrids) rather
thanothers (ascitedin Montoothetal.2010).In conclusion,
the probability of mitonuclear coadaptation depends on
standing variation, modulated by mutational rates, and
intensity of purifying selection.
Close coevolution contributes toward exacerbating func-
tional incompatibilities between diverging backgrounds.
This is the view of Gershoni et al. (2009) who believe that
mitonuclear coadaptation and incompatibilities may lead to
speciation.
Variations in Mutational Input
A large body of literature shows that mtDNAs are character-
ized by high mutational pressure. Some years ago, we exam-
ined the evolutionary properties of mtDNAs in metazoans,
focusing on the asymmetrical mutational pressure occurring
in mitochondrial genes.
In 1998, our group explored the mutational pressure occur-
ringinmammalianmtDNAs,showingthatbasecompositionis
asymmetricalbetween thetwostrandsandalongthegenome
(Reyes et al. 1998). Asymmetry (or ‘‘bias’’) between base pairs
was practically evaluated by the GC and AT skew indexes
(Perna and Kocher 1995), where GC skew 5 (G   C)/tot(GC)
and ATskew 5 (A   T)/tot(AT). Reyes et al. (1998) presented
a model in which mammalian mtDNA compositional bias was
positively correlated with the duration time of the single-
strandstateofHstrandgenes.Themoreamitochondrialgene
persists in an impaired state (i.e., the complementary strand is
displaced), the longer the time of exposure to mutation (e.g.,
spontaneous cytosine deamination and conversion in uracil).
Accordingtothis view, themolecularbasisofthe differenceof
base composition between mtDNA strands is caused by the
replication system of this genome.
Today,accumulating genomesequencedatadepict asce-
nario in which the compositional properties of metazoan
mtDNAs are quite variable: Arthropoda have the lowest
GC content and Chordata are the most GC-rich group (in
particular, birds). When analysis is extended to several ani-
mal phyla (see table 2), GC skew is signiﬁcant in most of the
groups,whereasATasymmetryisgenerallylesspronounced,
with the sole exception of ﬂatworms (Platyhelminthes). The
directionality of these compositional asymmetries is also var-
iable: In most groups, GC skew is negative (i.e., G is pref-
erentially located in the minor coding strand), AT skew is
positive (i.e., more A in H strand, more T in L strand). Again,
Platyhelminthes shows the precisely opposite behavior:
Skews are remarkably high, but indices are positive for
the AT pair and negative for the GC one. In some taxa, such
as molluscs, echinoderms, and arachnids, the indices show
great within-group variability and their mean compositional
skews are close to 0.
Again in the late 1990s, we focused attention on substi-
tution rates within mammalian mitochondrial genomes
(Pesole et al. 1999). They were found to be gene speciﬁc:
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rRNA genes turned out to be slow-evolving, whereas synon-
ymous sites, small and tRNA genes, and the D-loop (exclud-
ing the conserved Central Domain) were classiﬁed as fast-
evolving sites. As shown in table 3, when compared with
nuclear analogues, synonymous mitochondrial sites and
Small rRNA genes evolve 20 times faster and mitochondrial
tRNA genes up to 100 times faster. This difference in rate
probably reﬂects the different functional constraints affect-
ing mitochondrial genomes.
More recently, we decided to examine the relative effect
of mutation and selection in the evolution of metazoan mi-
tochondrial genomes according to two different ap-
proaches, studying codon usage and the synonymous/
nonsynonymous substitution rates of the 13 mitochondrial
protein–coding genes.
Apart from its great inﬂuence on nonsynonymous var-
iability, purifying selection has also been demonstrated to
affect synonymous variability in prokaryotic and eukary-
otic genomes. According to the ‘‘efﬁciency’’ hypothesis
(Bulmer 1991), in highly expressed genes, synonymous
codon usage (SCU) evolved in order to recognize the most
abundant isoacceptor tRNAs, guaranteeing efﬁcient
translation. Akashi (1994) presented a model (the ‘‘accu-
racy hypothesis’’), in which genes tended to use the most
efﬁcient codons (within a certain codon family) in the
tRNA anticodon recognition process. This would prevent
the incorporation of the wrong amino acids during
translation and the consequent production of cytotoxic
misfolded proteins (see ﬁg. 1).
Drummond and Wilke (2008) supported the accuracy
hypothesis by ﬁnding a positive correlation between non-
synonymous and synonymous variability in genomes of
s e v e r a lm o d e lo r g a n i s m s ,f r o mEscherichia coli to nuclear
H. sapiens. The effect of selection on SCU was found to be
more intense for highly expressed genes and for tissues
which are believed to be more susceptible to protein mis-
folding. Thus, this kind of selection, called Mistranslation-
Induced protein Misfolding (MIM), is a genome-wide con-
straint for coding sequence evolution in both prokaryotic
and eukaryotic domains. In view of the extreme economy
of the mitochondrial translational process (a single tRNA
recognizes an entire codon family), we do not expect
the ‘‘efﬁciency hypothesis’’ to occur in mitochondrial
genes. In the search for support for the accuracy hypoth-
esis, Jia and Higgs (2008)demonstrated that mitochondrial
SCU in mammals and ﬁsh is caused by the signiﬁcant con-
tribution of mutational input, with a certain effect of base
composition in the close proximity of synonymous sites.
Thus, at ﬁrst, we decided to evaluate the contribution of
mutation and nonmutational factors in shaping synonymous
variability by using classical codon usage indexes. In a large
Table 2
Compositional Properties of Most Frequently Sampled Metazoan Phyla
Group Number of Collected Genomes GC Mean GC Min GC Max GC Skew AT Skew
Annelida 13 34.95 27.82 44.57  0.45  0.06
Arthropoda, Arachnida 41 27.87 15.73 36.8  0.09  0.01
Arthropoda, Insecta 193 23.64 12.59 37.6  0.18 þ0.06
Chordata, Actinopterygii 612 44.89 36.82 53.22  0.25 þ0.04
Chordata, Amphibia 155 37.45 30.92 45.1  0.25 þ0.04
Chordata, Aves 110 45.4 42.3 49.51  0.38 þ0.12
Chordata, Mammalia 312 40.13 30.9 45.94  0.32 þ0.09
Chordata, Squamata 101 40.82 35.43 48.46  0.35 þ0.12
Chordata, Testudines 30 38.83 37.29 41.52  0.35 þ0.13
Cnidaria 36 35.39 22.43 49.76 þ0.17  0.16
Echinodermata 22 38.18 26.74 43.66  0.04  0.1
Mollusca 75 34.02 21.88 44.98 þ0.04  0.08
Platyhelminthes 32 32.39 25.95 48.31 þ0.39  0.32
Porifera 29 34.76 27.97 43.98  0.05 0.16
NOTE.—Data have been downloaded from Mitozoa database vrs. 6 (Lupi et al. 2010) and contain reference and nonreference complete mtDNA sequences.
Table 3
Sequence Divergence (% Substitutions/Site) Calculated for Speciﬁc mtDNA Sites and their Nuclear Analogues (from Pesole et al. 1999)
Species Pair Type of Site mtDNA Divergence Nuclear DNA Divergence mtDNA/nDNA Ratio
Homo sapiens versus Pan troglodytes Synonymous 34.6 ± 3.9 1.6 ± 0.9 22
Non synonymous 2.6 ± 0.4 0.8 ± 0.2 3
Rattus norvegicus versus Mus musculus Small rRNA 7.7 ± 2.4 0.4 ± 0.3 19
Large rRNA 17.2 ± 3.8 4.1 ± 0.8 4
tRNAs 9.7 ± 2.4 0.1 ± 0.1 97
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quences for the class Insecta and 1173 for the subphylum
Vertebrata (see table 4), we calculated a codon usage bias
index, the ‘‘effective number of codons’’ or ‘‘ENC’’ (Wright
1990) and the ‘‘mutational’’ ENC (or ‘‘expected’’ ENC), ac-
cordingtothebasecompositionofthethirdcodonpositions
of 4-fold degenerate codon families (‘‘quartets’’). Codons
were counted with script based on the Biopython library
(Cock et al. 2009), and subsequent calculations were per-
formed in R with SV script.
The ENC gives a measure of SCU preferentiality and
ranges from 20 (only one codon is used for a given amino
acid) to 60 (all encoding codons are used). The ENC index is
not based on knowledge of which codons are optimal (i.e.,
the codons used in highly expressed genes), and this is an
advantage for the genetic context we studied (mtDNA),
in which there are no sufﬁciently clear and complete gene
expression data available. Mutational ENC may be consid-
ered as the codon usage preferentiality which would occur
in mtDNAs if mutational pressurewerethe sole evolutionary
force governing such preferentiality. The mutational ENC
index was calculated on quartets (encoding for Val, Ala,
Pro, Thr, Arg, and Gly amino acids in vertebrate and insect
mitochondrial genetic codes) because the corresponding
third positions are presumed to be the freest evolving sites
in protein-coding genes.
We analyzed ENC variability for the 13 genes of each
genome, evaluating the signiﬁcance of the contribution
of the following predictors: ‘‘Species’’ (138 and 1173 for
insects and vertebrates, respectively); ‘‘Gene’’ (the 13 mito-
chondrial genes, although seven species have no canonical
gene content); ‘‘Position’’ (the middle gene position from
the major coding replication origin, normalized for genome
length); ‘‘Strand’’; and ‘‘mutational ENC.’’ We used linear
modeling to ﬁnd that mutation (as exempliﬁed by the
mutational ENC)greatlycontributes toENCvariability,incor-
porating the contribution of the Position and Strand predic-
tors. However,a signiﬁcantpart(about 15%in bothgroups)
is associated with the nonmutational factors Gene and Spe-
cies, whereas 25% and 35% of ENC variability (insect and
vertebrate data sets, respectively) remain unexplained.
We then decided to study codon usage bias by directly
observing 4-fold degenerate codon frequencies, gene by
gene and genome by genome. This enabled us to overcome
the limitations of an index-based approach, which com-
presses multidimensional codon usage variability into
a 1D parameter and suffers in cases of poorly represented
amino acid families and short genes. At ﬁrst, we considered
base composition on the third codon positions of the Val,
Ala, Pro, Thr, Arg, and Gly codon families. We assumed that
base frequencies were uniform along each genome (the
simplex model, with only 4 free parameters, corresponding
to the 4 base frequencies) or, alternatively, different from
gene to gene (the most complex model, with 13   4 param-
eters). The likelihood function of the most complex model














where ‘‘x’’ is the count for each of the four ‘‘b’’ codons of
the ‘‘a’’ codon family within the ‘‘g’’ gene and ‘‘n’’ is the
FIG. 1.—Effects of wrong tRNA anticodon–mRNA codon associa-
tion on protein translation. (A) Canonical translation of protein (yellow
polygon): Optimal codon (yellow vertical bars) efﬁciently recognizes
tRNA (in yellow) with correct amino acid (yellow circle). Right
polypeptide is produced (yellow stripe) and properly folded (yellow
polygon). (B) Codon is not optimal (yellow vertical bars plus red bar);
then wrong tRNA (in red) can be recruited; an uncorrected amino acid
(red cross) is inserted in nascent polypeptide (chain in yellow and gray).
A misfolded protein is produced (gray and red polygon) and may
undergo degradation (in gray) but, if it does not, it can interact with cell
structures.
Table 4





















NOTE.—Table describes classiﬁcation for the 138 and 1173 insect and vertebrate
genomes (respectively) for which codon usage analysis has been performed (for details,
see text).
a For insects, subgroup 5 order; for vertebrates, subgroup 5 class.
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share parameters across categories. The observed fre-
quency of codons within each deﬁned group was used
as the maximum likelihood estimator for the parameters
‘‘p,’’ as already shown by Jia and Higgs (2008). The whole
procedure was implemented in R (R Development Core
Team 2011).
The Likelihood Ratio Test was used to ﬁnd that base com-
position was gene speciﬁc for all the genomes in question.
Regarding SCU, we evaluated whether it was uniform along
the genome (the simplest model, with 4 parameters), differ-
ent from gene to gene (52 parameters), or dependent on
the mean genomic use of each synonymous codon (6  
4 parameters, where 6 refers to the six codon families con-
sidered). All these models were compared with the satu-
rated likelihood model with 13   6   4 parameters, in
which each synonymous codon has its own occurrence
probability. The second model aimed at demonstrating
the role of gene-speciﬁc mutational input in shaping SCU
and the third was based on the consideration that synony-
mous codon frequencies could be determined by their op-
timality in the translation process (and, because of this, they
would be uniform among the genes).
We found that the simple codon usage model was
rejected with respect to the saturated model. Using Bonfer-
roni sequential correction for multiple testing, we evaluated
in which species simple models were rejected (species inﬂu-
encing the results of global likelihood comparisons). In par-
ticular, in only 20 of 138 insect species (20%) and 469 of
1173 vertebrate species (40%) was the hypothesis that
gene-speciﬁc mutational input is the sole evolutionary force
governing codon usage bias rejected.
Several considerations may be derived from these data.
They conﬁrm that base composition along the genome is
notuniform;themolecularmechanismwhichcausesthisbias
may be the asymmetrical replication of vertebrate and insect
mtDNAs (Berk and Clayton 1974; Goddard and Wolsten-
holme 1978), which would give rise to a different probability
of acquiring mutations (Reyes et al. 1998). SCU is thus prev-
alently determined by gene-speciﬁc base composition, but
a certain selective effect on it may coexist. In this case, it
wouldbeverydifﬁculttodetectbecauseitmaybeverysubtle
(occurringonlyincertaingenesorcodonfamilies)orgointhe
same direction of mutation (i.e., the optimal codon for trans-
lation is the same one preferred by mutational input).
Inoursecondapproach,wetriedtoverifytheexistenceof
selection on SCU, considering the relationship between two
nucleotide substitution rates: nonsynonymous, related to
nonsynonymous (amino acid change) variability and synon-
ymous, due to ‘‘silent’’ synonymous codon sites. We emu-
lated the approach of Drummond and Wilke (2008):
Regression analysis between these two estimates enabled
us to evaluate the presence of selection in our second
genomic data set. This was built by collecting about 350
complete genomes belonging to 45 vertebrate genera,
for which at least 4 complete mtDNAs (belonging to at least
two different cogeneric species) were available in the public
databases (see table 5).
With respect to the ﬁrst data set, the second one did not
consist solely of reference sequences and was checked for
the presence of appropriate annotations. We decided to
focus on genus level in order to expand our investigation
as much as possible. However, at species level, only very
few vertebrate species have a large number of complete
published mtDNAs (including H. sapiens, M. musculus,
Canis domesticus, Rattus norvegicus, and Bos taurus) with
which inferences can be made.
We extracted nucleotide FASTA sequences for all 350  
13genesandmadenucleotidemultialignmentswithprotein
multialignments as guides. We then inferred phylogenetic
relationships among gene sequences with each multialign-
mentbyBayesiananalysis:Consensustreetopologiesserved
as input for subsequent parameter calculation. That is, we
calculated nonsynonymous and synonymous substitution
rates (log dn, log ds) for the 45   13 gene alignments which
were constructed by the Codeml program (PAML Package;
Yang 2007). We imposed a single dn/ds ratio (x, omega) for
each gene multialignment, hypothesizing that selective
processes were constant along each gene tree; lastly, we
obtained about 550 dn,d s, and x estimates.
In linear model analysis, synonymousvariability was setas
thedependentvariable becauseweconsideredtheselection
which would eventually operate on it as a minor component
of the purifying selection which affects whole gene sequen-
ces. The model which best ﬁtted our data (goodness of ﬁt 5
0.87) was
logds50:03logdn þ Ki;
in which 0.03 is the slope value (P value 5 0.058) and Ki the
intercept for group ‘‘i’’ (1 , i , 45). Table 6 lists some details
about this relationship.
The categorical predictor ‘‘genera’’ has a signiﬁcant ad-
dictive effect on the dependent variable (linear model inter-
cepts are signiﬁcantly different from genus to genus). The x
parameter established the role of positive and negative
Table 5













NOTE.—Table describes taxonomic classiﬁcation for the second vertebrate genomic
data set, used to estimate gene-speciﬁc nonsynonymous and synonymous substitution
rates (for details, see text).
Evolutionary Patterns of the Mitochondrial Genome in Metazoa GBE
Genome Biol. Evol. 3:1067–1079. doi:10.1093/gbe/evr040 Advance Access publication May 6, 2011 1075selection affecting gene sequences: An estimate of dn high-
er than that for ds means that nonsynonymous mutations
are ﬁxed at a higher rate than synonymous ones and that
positive selection is at work. When x is less than 1, purifying
selection is evidenced, whereas neutral evolution affects the
sequence in the case of x 5 1.
In our data set, we showed the great inﬂuence of puri-
fying selection on all mitochondrial genes (log x well below
0). CO and cytochrome b genes revealed the most efﬁcient
selection, although this was more relaxed for ATP synthase
and some NADH dehydrogenase complex genes (see ﬁg. 2).
In particular, the gene order obtained by log x mean val-
ues was CO1 , CO2 , CO3 , CYTB   ND1 , ND5 ,
ATP6, ND2, ND3, ND4, ND4L, ND6 , ATP8.
Synonymous variation estimates were quite uniform
among the 13 genes: Gene-speciﬁc log ds values ranged
within four orders of magnitude for all groups. Nonsynon-
ymous variability estimates were in fact responsible for the
signiﬁcantly different x values among the mitochondrial
genes. Thus, the dn parameter turns out to be a good proxy
for selection efﬁciency in mitochondrial vertebrate genes.
Concluding Summary
Our results clearly consolidate a scenario in which mutation
and drift govern synonymous changes in mitochondrial pro-
tein–coding genes, while gene function is strongly preserved
by purifying selection. It efﬁciently removes mutations which
cause amino acid changes in mitochondrial RC subunits pos-
sessing crucial functions, such as CO1, CO2, CO3, CYTB (see
box 1). Thus, the mitochondrial genome is not characterized
by purifying selection on SCU, in contrast to the nuclear one.
Protein misfolding, perhaps caused by inefﬁcient codon ver-
susanticodonrecognition(according to the accuracyhypoth-
esis), is probably not a major problem in organelles.
This scenario indirectly supports the idea of the role of
mtDNAinorganismadaptation.Wewouldliketoarguethat
mutational load, that is, decrease in ﬁtness due to mutation,
at individual level is much lower in mtDNA than in nuclear
FIG. 2.—Log x estimates for vertebrate genome data set (see text and table 5), divided by 13 mitochondrial genes. Horizontal black lines: mean
values; black points: outliers. Genes encoding for proteins of same RC complex grouped together by black horizontal lines. Horizontal dotted line:
threshold by which positive or negative selection affecting sequences can be determined.
Table 6
Relationship among log ds and the log dn and Genus Predictors
Response Slope Predictor Intercept P Value Genus
log ds 0.03 P value 5 0.058 log dn 0.89 2.98   10
 15 Acheilognathus
0.69 ,2   10
 16 Acipenser
—— —
 0.2 1.53   10
 14 Ursus
Goodness of ﬁt of the model 0.87
NOTE.—Logarithmic synonymous and nonsynonymous substitution rates were calculated for genes belonging to the second genomic data set (table 5). According this linear
model (log ds ; log dn þ Genus, described in the text), slope is near 0. Intercept values (fourth column) are signiﬁcantly different among genera (P values near 0, ﬁfth column).
Horizontal lines represent genus-speciﬁc intercepts and P values for the remaining 42 genera.
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mutational rates are estimated to be higher in mtDNA than
in the nuclear locus, and this apparently indicates that mu-
tational load is higher in mtDNA. However, in the same
work, we showed that this discrepancy is caused only by
synonymous sites, whereas nonsynonymous variation is
comparable between the two genomes. We also show here
that synonymous variation cannot affect ﬁtness, as in the
case of the nucleus, greatly reducing the possible appear-
ance of slightly deleterious mutations. In addition, intraindi-
vidual selection, probably due to atresia and the MC, purges
nonsynonymous deleterious mutations without evolution-
ary cost for the individual. This makes the mitochondrion
a very efﬁcient engine for evolution, dedicated to a small
but key set of genes connected with energy production.
It is still unclear whether this purging mechanism can also
detect slightly deleterious mutations but, if so, we should
expect that, in a given population, there would be fewer
segregating deleterious mutations in the mtDNA than in
an equivalent portion of the nuclear genome. This would
mean that a proportion of standing polymorphisms (greater
than the proportion in the nucleus) would have the oppor-
tunity to go to ﬁxation because they are beneﬁcial, slightly
beneﬁcial, or neutral. This pattern could probably be distin-
guished from that caused by ‘‘hitch-hiking events’’ by the
fact that the decrease would only affect the deleterious
mutation. The dn/ds estimator is generally used to evaluate
and compare the strength of selection. This is in fact the sta-
tistic according to which the common view that mutational
load is higher in mtDNA is based (Neiman and Taylor 2009
and Lynch and Blanchard 1998 therein). We believe that
as t r a i g h tc o m p a r i s o no fd n/ds between nucleus and mito-
chondria would be misleading, due to the different dynamics
of dsanddninthetwocompartments.Synonymouschanges
are truly neutral only in mtDNA, whereas nonsynonymous
changes in mtDNA, when they appear in a population, have
veryprobablyalreadypassedsomekindof‘‘qualitycontrol.’’It
is therefore not surprising that a greater proportion of non-
synonymous mutations than in the nucleus would be
accepted. For this reason, we propose comparing more sys-
tematicallyabsoluteratesofdninmtDNAversusnuclearDNA
and expect, as found in mammals (Pesole et al. 1999;
Saccone et al. 1999), to ﬁnd very few differences.
This higher efﬁciency in exploring mutational space
would allow mtDNA to adapt fast: Consequently, the
well-known bigenomic cooperation for the OXPHOS func-
tion should work, the adaptation appearing ﬁrst in mtDNA
and then in the nuclear genome.
In order to verify the population consequences of intra-
individual purifying selection, population genetic data in nu-
cleus and mtDNA must be compared with the same set of
individuals. This kind of data is already very rare. But in order
to distinguish among the different coevolutionary scenarios,
the nuclear data must include the nuclear OXPHOS genes,
and this has not yet been done. The HAPMAP project (Inter-
nationalHapMapConsortium2003)mayhavebeenoneop-
portunity, but unfortunately none of the 5,000 and more
individuals for which complete mitochondrial genome infor-
mation was obtained was used in this project.
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